The quantitative analysis of protein is very vital in many fields, such as clinical analysis, medical research, protein industry and food chemistry. Many methods for the determination of proteins are continuously being put forward, including the Turbidity method, the Kjeldahl method, spectrophotometry, fluorophotometry and so on. [1] [2] [3] [4] [5] [6] [7] Recently, the Rayleigh lightscattering (RLS) technique has become a new and interesting method with many advantages. For instance, it can be performed using an ordinary fluorescence spectrometer. Also, the detection limit of proteins is quite low. This method has been widely used in biomacromolecules, such as proteins and nucleic acids, inorganic ion determinations and so on. [8] [9] [10] [11] [12] In the present work, based on the interaction of proteins with benzeneazo-8-acetylamino-1-naphthol-3,6-disulfonic acid sodium salt (also called azophloxine, AP, see Fig. 1 ) as a probe, a novel determination method was developed using the RLS technique. Azophloxine cannot be employed for protein determination using the spectrophotometric method for lower sensitivity, but can be served as a novel probe for the RLS technique with higher sensitivity. This expands the area of biomacromolecular probes for the RLS method.
Reagents
Unless otherwise mentioned, all chemicals were of analytical reagents grade, and doubly distilled water was used throughout this experiment. Standard stock solutions of proteins were prepared by dissolving commercial products in doubly distilled water and stored at 0 -4˚C. Proteins used in this study included bovine serum albumin (BSA), human serum albumin (HSA), γglobulin (γ -G), pepsin (Pep) and lysozyme (Lys), which were purchased from Sigma. The concentrations of their working solutions were 0.5 µg mL -1 . Azophloxine (AP) was obtained from Beijing Chemical Plant (China) with purity of 95% and dissolved directly in water to prepare a stock solution of 1.5 × 10 -4 mol L -1 ; this solution was then diluted to 1.5 × 10 -5 mol L -1 with water as a working solution before use. Emulsifier OP microemulsion was prepared with emulsifier OP:n-butanol:nheptane:water = 5.0:3.3:0.8:90.9 (mass ratio). A pH 2.60 Clark-Lubs buffer was obtained by mixing 0.1 mol L -1 C8H5KO4 and 0.1 mol L -1 HCl and adjusting to pH 2.60.
Procedure
In a 10 mL color comparison tube, 1.0 mL of a pH 2.60 Clark-Lubs buffer solution, 50 µL of an emulsifier OP microemulsion, 0.2 mL of a 1.5 × 10 -5 mol L -1 AP solution and an appropriate volume of protein or sample working solution were added in turn. The solution was diluted to 10 mL with water and kept static for 15 min at room temperature. Finally, the RLS spectra were scanned synchronously at the same wavelength of excitation and emission in the range of 320 -600 nm by spectrofluorometer with a 1.0 cm quartz cell. The slits of excitation and emission were set at 10 nm. The enhancement of the RLS intensity was taken as the intensity difference between the sample and the blank under the same conditions. For RLS intensity measurements, the maximum wavelength was kept at 375 nm.
Results and Discussion

Spectral characteristics
The RLS and absorption spectra of AP and AP-BSA in an emulsifier OP microemulsion medium at pH 2.60 are displayed in Figs. 2 and 3, respectively.
It can be seen from Fig. 2 that there are two obvious RLS peaks for the AP-BSA system at 375 and 568 nm, which are located at the wavelength of the minimum absorption of AP (see Thorin [13] Eriochrome Blue Black R [14] Resorcinol yellow [15] Orange G [16] DBH-PF-Mo(VI) [17] Arsenazo-DBN-Al 3+ [18] 4-Azochromotropic acid phenylfluorone [19] MnTSPc a [20] Fast Green FCF [21] Pyrocatechol violet [22] AlS4Pc b [23] Arsenazo-DBS [24] Alizarin Red S [25] Cal-Red c [ Fig. 3 ). These enhanced RLS signals were found to increase with increasing protein concentration. The intensity of the RLS signal, located at 375 nm, was the strongest. Here, 375 nm was chosen as the excitation and emission wavelengths. On the other hand, other proteins including HSA, Lys, and γ-G also showed similar features when mixed with AP.
Compared to the absorption features, the RLS signals enhanced by BSA were very significant. It is obvious that a weak increase of the absorption cannot be used for determining BSA with high sensitivity. Comparatively, enhanced RLS signals can be used for BSA determination with high sensitivity.
Effect of the pH
A buffer solution covering the range from 1.87 to 3.67 was used as the buffer medium to investigate the effect of the pH on the intensity. It was found that the intensity reached the maximum value and remained constant in the pH range 2.20 -2.80. Thus, the optimum pH to run the assay was pH 2.60, and 1.0 mL was the preferred additive.
Selection of medium
As indicated by our previous study, [27] [28] [29] [30] surfactants can enhance the sensitivity of many systems. Compared with a micelle, a microemulsion has a lower surface tension and strong soluble power to organic and inorganic substances.
In the experiment, emulsifier OP, sodium dodecyl sulfate (SDS) and cetytrimethylammonium bromide (CTAB) microemulsion and each corresponding micelle solution were chosen for investigating the effect of the medium on ∆I, as shown in Fig. 4 .
As can be seen from the Fig. 4 , each microemulsion was more sensitive than its corresponding micelle. For the microemulsion medium, the effect of the emulsifier OP microemulsion was the most remarkable. Also, the suitable addition amount of the emulsifier OP microemulsion was 50 µL.
Effect of the AP concentration
The effect of the AP concentration on the RLS signal of the system was investigated. The maximum enhancement occurred when the concentration of AP varied over the range 2.25 × 10 -7 mol L -1 -3.75 × 10 -7 mol L -1 . In subsequent studies, 3.0 × 10 -7 mol L -1 AP was recommended.
Stability
Tests showed that the RLS intensity reached the maximum within 5 min after the reagents had been added, and remained stable for about 4 h. In this study, 15 min was set as the standard for measurements.
Effect of the addition order of the reagents
The addition order of the reagents had a substantial effect on the enhanced RLS intensity. In this work, the addition order of the reagents was selected as follows: pH 2.60 buffer solutionemulsifier OP microemulsion-AP-protein.
Effect of the ionic strength
The influence of NaCl was studied in the concentration range of 0.00 -0.75 mol L -1 . The experimental result indicated that the intensity of the solution was stable when the NaCl content was lower than 0.04 mol L -1 , and decreased when it was higher than 0.04 mol L -1 .
Effect of protein denaturation and organic solvent
A portion of the BSA working solution was heated in a boiling water bath for 30 min, and cooled to room temperature. It was found that the intensity caused by denatured BSA of 0.015 µg mL -1 fell to approximately 26.5%.
To examine the effect of the organic-solvent concentration, different volumes of absolute ethanol were added just after the addition of AP. It was observed that the intensity dropped upon the addition of ethanol. Thus, there is no need to add ethanol.
Working curves
Standard solutions of proteins in different volumes were added to a series of 10 mL comparison tubes, respectively. Also, the other procedures followed the previously described procedure.
The detection limit was calculated by the equation DL = KS0/s, where K is a constant related to the confidence level, S0 is the standard deviation of blank measurements (n = 11, K = 3) and s is the slope of the calibration curve. All of the results concerning the analytical parameters are summarized in Table  2 .
Different proteins have different isoelectric points (pI). The weight, size and shape of molecules are also different. Therefore, the RLS signals for various proteins are different. Pep could not react with AP because Pep (pI = 1.0) existed in the anion form at pH 2.60, and there was an electrostatic repulsion between them.
Tolerance for foreign substances
Under the recommended conditions, a number of foreign substances, including metal ions, amino acid and glucose, were examined for their effects. As shown in Table 3 , most substances did not interfere appreciably with the assay. Therefore, the sample analysis could be performed without any special preparation.
Application to sample analysis
Penicillin has become known as a wonder drug that can be successfully used in the treatment of bacterial infections in humans. However, an excess of residue protein can give rise to allergic reactions, such as skin reactions and allergic shock. On the other hand, as far as the product itself is concerned, an excess of residual protein leads to many problems, such as high viscosity, much foam, difficulties in filtering, time-consuming and so on. The yield of penicillin is thus affected. Therefore, the residual protein content in penicillin must be controlled. The method was applied to the determination of protein in penicillin including penicillin Na salt, penicillin G potassium salt and human urine samples.
The penicillin sample was accurately weighted and dissolved, then diluted to the mask in a 25 mL calibrated flask. As for fresh urine, it was diluted directly. An appropriate amount of the sample solution was transferred to a 10 mL color comparison tube, and determined as described above. For each sample, five parallel experiments were conducted, and the maximum relative standard deviation (RSD) was 4.0%.
The recovery of the samples was also determined. Fixed amounts of BSA standard were added to five samples of known BSA content, and the mixtures were analyzed with the proposed procedure. The results are listed in Tables 4 and 5 , and the recovery was between 97.5% and 104%.
Discussion of the reaction mechanism
Under the experimental conditions (pH = 2.60), proteins such as BSA, HSA, and Lys are macromolecules with positive charges (their isoelectric point pI values are listed in Table 2 ), while AP is negatively charged. AP can react with proteins by electrostatic forces, which causes a significant enhancement of RLS because the molecular size increases when a dye assembles on the protein.
Conclusion
Based on the fact that the RLS intensity of AP can be greatly enhanced by the addition of proteins, a new method for protein determination was developed. The mechanism for enhancing the RLS by a protein is still under further study. However, this method has clear advantages of high sensitivity, selectivity and rapidity. Especially, it can solve problems about trace amounts of residual protein detection in penicillin, and become a valuable tool for guidance to clinical analysis. Table 4 Results for the determination of protein in penicillin samples a. A1 and A2 were penicillin G potassium salt sample, B1 and B2 were penicillin Na salt sample. b. Results are expressed as x ± st/ n (n = 5), where x is the mean of n observations of x, s is the standard deviation, and t is distribution value chosen for the desired confidence level. Theoretical values at the 95% confidence limit, t = 2.78.
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